, and Per Camner1 1V studied phaolysosmal pH in rabbit alveolar macrophages (AM) incubated with M15coroquine. There was a dose-relate increase in pH with chloroquine concentation. Electron microscopy showed that chloroquine increased lysosomal size. In a second ment we studied dissolution of radiolabeed cobalt ide particles by rabbit AM, phagolysosomal pH, and lysosonal size. The cells were incubaed for 2 days ith 0, 2.5, and 10 pM chloroquine. Size and pH increased with chloroquine oncentration. Dssolution ofcobiat paricles by the AM did not clearly cha with pH.
Introduction
The majority of insoluble particles deposited in the alveolar part of the human lung are mechanically cleared slowly with half-times up to several years (1-4). However, the particles are phagocytized by alveolar macrophages and these cells can efficiently dissolve many inorganic particles of materials that have low solubility in aqueous solution (5) (6) (7) (8) (9) .
Phagolysosomal pH in alveolar macrophages from several species has been estimated to be around 5 (10) (11) (12) (13) . This low phagolysosomal pH enables the macrophages to dissolve metal particles. Alveolar macrophages dissolve lead arsenate particles at a faster rate, and arsenic trisulfite particles at a slower rate, than the incubation medium alone. In aqueous buffered solution, the solubility of lead arsenate particles increases and the solubility ofarsenic trisulfide particles decreases with decreasing pH (9) . At least some of the particles used in these experiments with macrophages, e. g., manganese dioxide and lead arsenate particles, show a marked increase in dissolution rate with decreasing pH in aqueous solution (5) .
We incubated macrophages with different concentrations of chloroquine, a weak base that can elevate lysosomal pH (12) , and studied the phagolysosomal pH and ultrastructure ofthe macrophages. The dissolution ofcobalt oxide particles by the macrophages was also investigated and compared with the dissolution in buffered solutions at various pH values. A simple model for dissolution of a particle in a phagolysosome is discussed.
Materials and Methods

Design
Inthe firstexperiment, we imestigatdtherelationship between chloroquine concentration (0, 2.5, 5, 10, 15 uM) and phagolysosomalpH inthe macrophages as wellastheeffectofchloroquine onthe ultrastructure ofthe cells during 3 days ofincubation. The macrophages were obtained by lavage from three rabbits.
In the second experiement, dissolution ofuniform cobalt oxide particles by macrophages, phagolysosomal pH, and the size oflysosomes were studied in macrophages incubated for 2 days with 0, 2.5, and 10 j&M chloroquine. Macrophages were obtained by lavage from six rabbits.
In thethird experiment, we studied the dissolution ofthe cobalt oxide particles in buffered solutions (0.1 M acetate buffer in saline) with pH 4.0, 5.0, and 6.0.
Macrophages
Lungs from healthy New Zealand white rabbits, 2.8-3.2 kg, were dissected and lavaged with Hank's balanced salt solution (without Ca2+ and Mg2+, pH 7.4, 370C) (5). The lavage fluid was centrifuged at 300g for 10 min at room temperature and resuspended in complete medium (HEPES buffered medium 199, pH 7.4 with 15% rabbit unheated serum, penicillin 100 units/mL and streptomycin 100 ,ug/mL). The number of macrophages was estimated in a Burker chamber.
In the studies of phagolysosomal pH, the number ofcells/sample was 0.5 x 106 cells. In the dissolution studies and in the electron microscopic studies, the number/sample was 1.0 x 106 cells. The cell samples, in 2 mL complete medium, were added to coverslips in tissue culture dishes (Costar) (dissolution and pH studies) or Leighton tubes (electron microscopic study).
After 1 hr incubation (370C with 5% CO2 in air and 80% relative humidity), the cell medium was replaced with fresh medium with chloroquine and cobalt oxide particles (dissolution and electron microscopic studies) or chloroquine and silica particles (pH study).
Phagolysosomal pH
We studied phagolysosomal pH by using fluorescein-labeled amorphous silica particles (FSP) with mean diameter 3.0 ± 0.5 Am (± SD) as probes (15) . Fluorescence intensities from individual FSP in phagolysosomes were measured using a technique for microscope fluorimetry (16) . Two excitation filters were used; the first one had a transmission maximum at 452 nm and the second one at 489 nm. The half-maximum bandwidth was 8 nm for both excitation wavelengths. Fluorescent light above 515 nm was selected by a barrier filter.
For each time, we studied macrophages within a 2-or 3-day period, determined a standard curve between the ratio of fluorescence above 515 nm with the excitation wavelength 489 and 452 nm, and determined pH. Mixtures of 1.0 M citric acid/sodium citrate were diluted with four parts of Hank's balanced salt solution to give buffer solutions in the range pH 4-7 (16) .
Dissolution of Cobalt Oxide Particles
To each macrophage sample and each control sample consisting ofmedia without macrophages, 2.4 x 106 uniform porous 57Co-labeled Co304 particles, 0.6 Am in diameter, were added (17) . To each ofthe macrophage samples incubated for or 2 days with chloroquine concentrations of 0, 2.5, or 10 AM, control samples without macrophages were also tested. The day 0 samples give infbrmation on the readily dissolved cobalt fraction on the particle surface and the cobalt fraction dissolved during the treatment after the incubation. In addition, parallel to the samples from five of the six rabbits, dissolution of duplicate samples ofthe test particles in 2 mL 0.1 M acetate buffer in saline of pH 5.0 was tested.
After incubation, we removed and collected the medium. Macrophages were removed from the coverslips with a rubber scraper. Themedium andthe macrophage suspension were mixed and centrifuged for 10 min at 350g. One percent Triton X-100 solution (0.5 mL) was added to the cell pellet and the suspension sonicated for 30 min to desintegrate the cells. We performed the same procedure with the control sample without macrophages. The residue and supematant were then mixed and filtered through a 0.22-ltm Millipore filter (type GS), and the radioactivity on the filter and filtrate were measured. The 57Co activity on the filter was assumed to represent the amount ofcobalt in particulate form, and the activity in the filtrate was assumed to represent the cobalt in soluble form.
In the third experiement, the same number ofcobalt oxide particles as in the experiment with the macrophages above was added to 2-mL samples with 0.1 M acetate buffer with pH 4.0, 5.0, and 6.0. After 2 days at 37°C, the samples were filtered and the radioactivity in filter and filtrate measured.
Radioactivity Measurements
A high-purity germanium detector with a relative efficiency of30% was used for all measurements. The gamma detector was housed inside a thick (10 cm) lead shield to obtain a low and stable background. The duration ofeach measurement was selected to give less than 3 % statistical counting error. All measurements and calibrations were performed in the Environmental Laboratory at the Swedish Radiation Protection Institute.
Electron Microscopy
Macrophages were fixed and processed for electron microscopy (15) . We estimated the volume density of the lysosomal compartment from sections of five randomly selected macrophages from each sample. We measured the area of the lysosomes in a standardized area ofthe macrophages with a digitizer (HIPAD) connected to a computer, and the quotient A Amacrophage area was estimated. Relative lysosome circumference was calculated from the perimeters ofthe lysosomes in the standardized area. the average circumference of the lysosomes in macrophages not exposed to chloroquine was normalized to 1. Table 1 shows phagolysosomal pH in macrophages exposed to different concentrations of chloroquine for 1 and 3 days. The mean values ofphagolysomal pH were related to the concentration of chloroquine. Electron microscopy showed that lysosomes increased in size in all macrophage samples incubated with chloroquine (Fig. 1) . Iar vacuoles were seen in cells incubated with 5 tsM or higher chloroquine concnetration. Table 2 shows circumference oflysosomes, relative volume of lysosomes in macrophages, phagolysosomal pH, and dissolution ofcobalt oxide particles by macropahges and in controls without macrophages. There were dose-related increases in the phagolysosomal pH and in the size of the lysosomes with increased chloroquine concentration. For the 0 and 2.5 1sM chloroquine concentrations, significantly more cobalt was dissolved by the macrophages than in the respective control samples (p < 0.01, paired t-test), but not for the 10 MM concentration (p< 0.05). Figure 2 shows cobalt oxide particles in lysosomes of rabbit alveolar macrophages incubated with medium containing 0 yM and 10 MM chloroquine. Dissolution in 0.1 M acetate buffer in saline at pH 5 was similar in the duplicate samples, but there were rather large differences in dissolution among samples of macrophages from different rabbits tested in parallel (Table 3) . Dissolution in the acetate-buffered saline with pH 5 was significantly higher than that by the macrophages without chloroquine (p< 0.01, t-test). There was no clear decrease in dissolution by the macrophages with increasing pH (Fig. 3; Table 2 ). Figure 3 shows the dissolution ofthe cobalt oxide particles in 0.1 M acetate buffer in saline with pH 4.0, 5.0, and 6.0. More cobalt was dissolved in the buffer than in the macrophages at comparable pH, and the decrease in dissolved material with increased pH was pronounced in the buffer but not in the macrophages. 
Results
Discussion
Chloroquine induced clear dose-related increases of phagolysosomal pH and size of the lysosomes. When the dissolution was related to the average pH at each chloroquine concentration dissolution, there was no clear decrease with increasing pH. The dissolution in the macrophages was clearly less than in saline with acetate buffer. This might be due to chelating capacity ofthe acetate buffer (18) . However, our preliminary data indicate that there is no major difference in dissolution of the cobalt oxide particles in 0.1 M and 0.001 M acetate buffer (unpublished data) which still might be a high concentration compared with chelator concentrations in macrophages. The decrease in dissolution with increasing pH appeared to be less in macrophages than in saline.
A simple model for dissolution of a particle in a phagolysosome is a particle in a liquid-filled vesicle with fixed pH in a large volume of liquid. The dissolution rate of the particle material is proportional to the particle surface area and is dependent on the concentration of dissolved material from the particle in the vesicle; the higher the concentration, the lower the dissolution rate. Dissolved material leaves the vesicle through its membrane. The amount leaving per unit time is proportional to the area ofthe membrane and is dependent on the concentration in the vesicle: i.e., the higher the concentration, the more material leaves. A steady-state situation between material dissolving from the particle and material leaving the vesicle is assumed.
In this model the dissolution rate ofa metal particle should be lower inside the vesicle than ifit is directly placed in the large liquid volume. The difference may of course be small if the transport rate through the membrane is close to that through the liquid layer ofthe same thickness as the membrane. The dissolution rate fbr a particle in a larer vesicle is fister than in a smaller vesicle because the steady-state concentration is lower in the larger than in the smaller one. The model thus predicts the type of differences between our dissolution experiments with macrophages and those in buffered saline: a) lower dissolution rate in macrophages than in saline with the same pH and b) a de-156 I creased relationship betwen pH and dissolution rate because the effect of the increased pH is compensated for by an increase in phagolysosomal size.
The reasons above suggest that it would be ofvalue to develop a more detailed model for dissolution rates of particles in phagolysosomes of various sizes. Particle size itself affects the size of the phgolysosome. Particles ofthe same size but of different material may affect size, e.g., there is often vacuolization around yeast particles but not silica particles (15) . Also, inhalation of pollutants may affect size, e.g., trivalent chromium in soluble form induces large lysosomes in alveolar macrophages (19) .
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